To date, aquatic feeds have depended heavily on fishmeal and fish oil as their source of protein and lipid. However, the feed industry is encountering shortfalls in the availability of these ingredients because of a decline in the number of fish captured in the wild and the increased human demand for some of the species currently being used for fishmeal and oil production. Therefore, efforts are now being directed in different parts of the world to finding alternative quality ingredients, which ideally are less expensive and readily available for use in practical diets. The data accrued have shown that a large proportion of both fishmeal and fish oil can be replaced by other protein and lipid sources. However, it is emphasized that an optimal essential amino acid balance be maintained and that the n-3 highly unsaturated fatty acid requirement be satisfied when combining economical protein and lipid ingredients. Newly developed feeds should aim at being nutrient-dense in order to reduce the output of solid, P and N waste. This can be done through improving nutrient availability, optimizing the digestible protein to energy balance of the diet, and replacing dietary fishmeal with alternate ingredients. These diets should also be effective for maintaining good health and improving disease resistance in fish through enhancement of immune responses. A wholesome approach to culturing fish would be to use appropriate feeding standards that are aimed not only at improving economic returns but also at developing a lasting cohabitation of sustainable aquaculture and a cleaner environment. Furthermore, in the 2lst century aquaculture would still retain its place as a prominent source of food protein, signifying that fish feed research remains a forceful area in discovering better feeds for the industry.
INTRODUCTION
Aquaculture is the fastest growing food-producing sector, complementing and, in some cases, substituting capture fisheries. The potential to tackle the challenges of food security and generate employment and economic gains has been unequivocally demonstrated by its rapid growth, which has been at a rate of 10% per annum since 1984 compared with 1.6% for capture fisheries. In its 1998 report, the United Nation's Food and Agriculture Organization (FAO) predicted that the sharp increases in scale that the aquaculture industry has experienced in the 1990s will continue until 2015.
1 The FAO also predicted that global fish consumption could increase from the current per capita rates of approximately 16 kg per year to approximately 20 kg per year by the year 2030, raising the total food use of fish to approximately 150 million metric tonnes. The annual sustainable yield of marine capture fisheries is no more than 100 million metric tonnes, therefore the increase has to come from aquaculture.
The rapid expansion of aquaculture, along with improvements in fish culture techniques have increased the demand for fish feeds that depend on fishmeal and fish oil as the major dietary components because of their ideal nutritional quality. Fishmeal provides essential amino acids such as lysine and methionine, which are deficient in plant sources, and fish oil is a good source of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), which are not found in plant oils. However, as the raw material is becoming scarce, there has to be a dramatic change by finding alternatives to fishmeal and fish oil. The current El Niño, which Original Article carbohydrates, lipids, and the presence of antinutritional factors such as antitrypsin inhibitors, which can be harmful to the animal.
Among the various protein sources available for fish feeds, defatted soybean meal is universally accepted, both qualitatively and quantitatively. As well as having a favorable amino acid profile compared with other plant protein sources, soybean meal is consistently available, cost-effective, and reported to be palatable to most fish species. 11 Upon considering these benefits, several attempts have been made to partially or totally replace fishmeal with soybean meal as a protein source and many results have shown that it is one of the most promising replacements. This section mainly focuses on the digestibility and protein quality of soybean meal and other potential feed ingredients.
Digestibility
A comparison of the apparent digestibility of the soybean meal nutrients for cultured fish and shrimp is shown in Table 1 . For marine shrimp and channel catfish, the protein and EAA digestibility of soybean meal were compared with proteins of other feed ingredients such as fishmeal, squid meal, cottonseed meal, and shrimp meal. 12, 13 Protein digestibility ranged 74.6-89.9% and 74.0-87.0% for shrimp and catfish, respectively (Table 1) . In shrimp, soybean meal had superior protein digestibility compared to fishmeal, squid meal, and shrimp meal. Protein digestibility did not always reflect that of EAA (Table 2) . [12] [13] [14] In channel catfish, soybean meal had a protein digestibility of 77.0% with EAA digestibilities ranging from 78.7% to 96.7%. Digestibilty values for lysine, arginine, threonine, and methionine were 94.0%, 96.7%, 81.9%, and 84.6%, respectively. The same trend was also observed with peanut meal in the same species. Based on these results, Kaushik 4 and Akiyama 15 recommended that in feed formulations available amino acid values should be utilized rather than total or digestible protein.
Pongmaneerat and Watanabe have evaluated the protein quality of commercial defatted soybean meal (SBM) together with corn gluten meal (CGM), meat meal (MM), and meat bone meal (MBM) in comparison to fishmeal on the basis of digestibility (the term SBM indicates defatted soybean meal when used for experiments related to the present author). 16 The apparent protein digestibility of SBM was not affected by dietary protein (5.4-33.6%) and SBM (12.0-75.0%) levels, and ranged between 91% and 94% in rainbow trout and 89-95% in carp (Tables 3 and 4) . These values were close to the 83-91% reported by started in South America in 1996, has resulted in shortfalls in the capture of meal-grade fish such as anchovy and jack mackerel from the wild. Consequently the fishmeal output has reduced by approximately 30% in South America, causing a 20% decline in global production. 2 In the case of fishmeal-grade sardines in Japan, the impact has been felt and catches have already dropped by more than 4 million metric tonnes during recent years. A major increase in fishmeal and fish oil production is unlikely for the future unless the underexploited resource of trash fish is also landed for the purpose. 3 It is also predicted that the demand for fishmeal and fish oil in aquaculture feeds would triple over the next 10 years.
The protein component of aquaculture diets is the single most important and expensive dietary nutrient. At present fishmeal still remains the major dietary protein source, comprising between 20% and 60% of fish feed; 4,5 therefore, efforts all over the world are being directed towards finding quality alternative protein sources that, ideally, are less expensive and readily available as substitutes for the expensive fishmeal. Trials are also being done to reduce dietary protein levels through protein-sparing action with other energy-yielding nutrients that have the multiple advantage of reducing nitrogen loading on to the fish culture environment. [6] [7] [8] A decline in the number of meal-grade fish catches has also resulted in a shortage of fish oil. Like mammals, fish utilize lipids for energy, for cellular structure and for maintenance of biomembrane integrity through the use of phospholipids. Dietary lipids also play an important role as a source of essential fatty acid (EFA) in fish. Recent results have shown that the use of alternative lipid sources could replace more than 50% of the fish oil and were effective in optimizing dietary unsaturation levels, thereby reducing in vivo peroxidation. 9, 10 This paper reviews the recent advances towards the use of alternative protein and lipid ingredients in order to develop new types of aquatic diets through improved feed formulation. The final goal is the development of less polluting non-fishmeal diets.
NUTRITIONAL VALUE OF ALTERNATIVE PROTEINS FOR FISH AND CRUSTACEA
Nutritional values of protein ingredients are generally defined by their protein content and essential amino acid (EAA) compositions, as well as their bioavailability. Nutritional parameters also involve the availability of other nutrients such as minerals, by the elevation of SBM levels from 30% to 40% or even 50%. These were higher than values obtained for black seabream 23 and channel catfish, 24 but comparable with those obtained for rainbow trout and carp. 23 The digestibility of carbohydrates (acid hydrolyzed) in SBM was 55% and 60% for dietary levels of 30% and 40%, respectively, and was reduced to 45% at the 50% level. Energy digestibility was 74% for the 30% and 40% SBM diets and 68% for the 50% level. Protein digestibility of CGM, MM, and feather meal was also high for yellowtail and red seabream, ranging from 77% to 97% (Table 5) , 25 whereas that of CGM reported for Japanese flounder was markedly lower. 14, 26 Extrusion technology is widely employed in the production of aquaculture feeds and, although the effects of extrusion processing on the nutritional value of ingredients are a major concern, the high temperature and pressure of this process gelatinizes starch and inactivated protease inhibitors and other antinutritional factors, [27] [28] [29] [30] thereby enhancing protein digestibility. In fact, Kaushik has reported that extrusion treatments significantly improve the apparent digestibility coefficients of crude soy proteins. 4 However, in the case of ordiNose for rainbow trout; 17 Grabner and Hofer reported 93% for both species, 18 whereas Ogino and Chen obtained 95% for carp. 19 However, other researchers have shown that SBM is poorly digested by young rainbow trout 20 and plaice. 21 Corn gluten meal and MM showed protein digestibilities similar to that of SBM, but MBM showed slightly lower values for both carp and rainbow trout. The small decrease of protein digestibility at the low protein level was due to the high influence of metabolic fecal nitrogen excretion at low dietary protein levels, and this in turn affected the apparent digestibility of dietary energy. Ogino and Chen have pointed out that apparent digestibility decreased at low nitrogen intake levels. 19 This decrease was noticed at nitrogen intake levels below 100 mg per 100 g of bodyweight per day in carp.
The digestibility of alternative proteins has also been examined in some marine fish. Watanabe and colleagues have measured the protein, lipid, carbohydrate, and energy digestibility of SBM with yellowtail using a newly developed soft-dry pellet. 22 Protein digestibility was approximately 86% in diets containing 30% SBM and was not influenced 
Protein quality
The protein quality of SBM, CGM, MM, and MBM has recently been evaluated from the point of view of protein efficiency ratio (PER), net protein utilization (NPU), and biological value (BV) in rainbow trout and carp by feeding diets containing different levels of the ingredients as sole protein sources. 33 As shown in Tables 3 and 4 , the PER, NPU, and BV values in both species were inversely proportional to dietary protein levels, as has been already observed in carp, rainbow trout, and tilapia. [34] [35] [36] [37] [38] The PER value of SBM ranged from 1.75 for the highest protein (33.6%) group to 4.53 for the lowest protein (5.4%) group in rainbow trout and, similarly, from 2.22% to 4.61% in carp. The NPU value of SBM ranged from 28% to 42% in rainbow trout and 33% to 42% in carp. A similar value (32%) has been reported by Viola et al. in carp fed diets with SBM as the sole protein source at a protein level of 29%. 39 The NPU values for CGM and MM were 28% and 34% for rainbow trout and 18% and 35% for carp, respectively, at a dietary protein level of 32%.
The BV, which indicates the degree of utilization of absorbed EAA, was calculated on the basis of the NPU and dietary protein digestibility. The value for SBM decreased from 43.7 to 30.1 in rainbow trout and from 51.2 to 36.0 in carp, corresponding to an increase in dietary protein levels from 5.4% to 33.6%. The BV of SBM at a dietary protein level of 11% in both rainbow trout and carp was lower than that reported by Ogino and Chen 19 at a 10% level. However, the values at dietary protein levels of more than 20% were similar to those obtained by Nose for rainbow trout. 17 These quality parameters were roughly of the same order for both species. The BV of MM ranged between 31.9 and 39.4 for dietary protein levels between 55.6% and 11.5%, respectively.
Thus, SBM was reasonably palatable and acceptable and its protein was highly digestible for a number of species, including rainbow trout and carp. Net protein utilization was approximately 54% and 73% of fishmeal protein in rainbow trout and carp, respectively. The single use of SBM as a dietary protein source requires some EAA supplements in order to improve its nutritional quality. However, for economically efficient utilization, SBM should be combined with other protein ingredients to compensate for this deficiency and to enhance the EAA profile of SBM-based diets (Table 6 ).
USE OF ALTERNATIVE PROTEINS IN AQUACULTURE
The use of various alternative proteins as a replacement for fishmeal has been practised for many years. Although many feeding studies have shown that the substitution of fishmeal with SBM in fish diets resulted in reduced growth and feed efficiency, other studies have reported that SBM can be used to replace fishmeal in the diet for rainbow trout and other species. [31] [32] [33] Therefore, the results obtained show a great variation in the degree of success for the replacement of fishmeal, depending on fish species, size, and the types of ingredients used. The use of CGM or MM as the sole lization of this combination diet was somewhat lower than that of the fishmeal diet, it proved to be economical at the prevailing prices. A combination of these alternative proteins could improve their EAA profile, leading to greater feed utilization. Similar results were also obtained in carp, for which up to 56% of fishmeal could be replaced by a combination of 25% SBM and 10% CGM at 38% dietary protein. 42 Further substitution of fishmeal with SBM, CGM, and MM reduced growth and feed efficiency, probably as a result of a deficiency of lysine and threonine. Indeed, the supplementation of these two amino acids along with methioine in diets in which fishmeal was replaced entirely helped achieve growth and feed utilization, nearly matching those of the control fishmeal diet group.
Research on dietary fishmeal substitutes for marine fish had lagged behind, particularly until SDP was developed for yellowtail by . 40 This SDP, produced using a twin screw extruder, was highly palatable and acceptable to yellowtail and superior to moist pellets and raw fish in terms of feed performance and nutritional value. The use of SDP has also opened up the possibility of utilizing alternative protein sources as substitutes for fishmeal in practical diets for marine fish.
In trials on yellowtail, it was found that the palatability and acceptability of SDP was not affected by the inclusion of SBM, whereas growth and feed gain ratios were slightly reduced at higher SBM levels, probably because of the nitrogen and energy imbalance of the diets (Fig. 1) . 43 When up to 30% SBM was included in SDP as a fishmeal substitute, protein or energy levels had to be elevated to obtain feed performances comparable to those of fishmeal diets. Further studies by Viyakarn and coworkers have proven that when the SBM level in protein source would also necessitate the inclusion of some EAA supplements in order to improve their nutritional quality (Table 6 ). This section focuses on recent results obtained using diets developed by the relatively new technology of extrusion processing.
Dry pellets were available by the early 1970s for several freshwater fish, and continuous refinements in production techniques over the past two decades have resulted in high-grade aquatic feeds. A significant achievement has been the development of soft-dry pellets (SDP), 40 which has broadened the scope of using several fishmeal substitutes in dietary formulations. The ordinary defatted SBM used for commercial feed production has a considerably high content of complex carbohydrates, which are poorly digested by fish, leading to a reduced digestible energy content in the diet. However, in the case of rainbow trout, Pongmaneerat and Watanabe have included up to 50% SBM in high energy SDP, thereby replacing up to 91% of fishmeal with excellent growth and feed performance, although protein utilization efficiency and feed efficiency were slightly compromised. 16 The SBM protein has a poorer balance of EAA than fishmeal and is somewhat deficient in certain EAA such as methionine. Consequently, a combination of SBM with other protein ingredients enhances SBM utilization and improves the EAA profile and elevates the dietary protein level. In fact, the combination of SBM with CGM and MM as a fishmeal replacement has been very effective in experimental diets for rainbow trout. 41 The replacement of approximately 90% of fishmeal in the diet with a combination of 30% SBM, 15% CGM, and 15% MM produced growth comparable to that of a fishmeal diet at a dietary protein level of approximately 44%. Even though the protein and feed uti- 
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SDP was elevated to 50%, neither palatability nor acceptability were influenced in both juvenile and adult yellowtail. 43 Growth and feed gain ratios were highest in both sizes of fish fed the control fishmeal diet and decreased proportionally to the elevation of SBM levels.
Soy protein concentrate (SPC) containing approximately 70% protein (dry basis), less carbohydrates, and a better EAA profile than SBM was also included in SDP at a level of 50% together with 5% fishmeal and other substitutes to balance the EAA profile. Upon feeding these SPC-based diets to juvenile and adult yellowtail for 21 weeks, SPC turned out to be ineffective as the feed gain ratio gradually dropped after producing good growth in the early rearing phase. 44 These results suggested that a high proportion of SPC cannot replace fishmeal in SDP for yellowtail. This was probably partly related to a deficiency of taurine as a result of the elimination of the taurine-rich fishmeal, as will be described later.
In red seabream it was found that the inclusion of 30% SBM with or without extrusion processing in ordinary steam dry pellets and SDP could give feed performances comparable to those of a fishmeal diet. 45 In both yellowtail and red seabream fed diets with SBM or other alternatives, the quality of cultured fish in terms of taste, texture and skin and flesh pigmentation, or rheological properties was equal to that of fish fed fishmeal diets, and better than those fed moist pellets or raw fish. Two years of on-site, large scale experiments have demonstrated that the combination of SBM, CGM, and MM at different levels can substitute 50-60% fishmeal in SDP for yellowtail and in steam dry pellets for red seabream, 46 hence, paving the way for the commercial production of feeds that are not based on fishmeal in the near future.
Soybean meal can also be utilized effectively by shrimps because its protein and amino acids have been reported to be highly digestible to many species. 11 As already noted in fish, shrimp cannot assimilate the carbohydrate portion of soybean meal properly. 12 Animal protein sources such as fishmeal, shrimp meal, crab meal, and squid meal are frequently used as protein sources in feeds for crustaceans. 47 The essential amino acids, essential fatty acids, cholesterol, phospholipids, and minerals are derived mainly from these animal ingredients, but these animal protein meals are expensive and not plentiful; therefore, there are continuing efforts to replace these meals logical status. The appearance of green liver is related to poor feed performance, although the etiology remains unknown. These results proved that the non-fishmeal diets used in the study were not efficient in maintaining the normal growth and health of juveniles and young yellowtail for a long rearing period. Recent investigations by Murata et al. have suggested that the poor feed performance of nonfishmeal diets was because of the deficiency of taurine, 50 which is present in high quantities in fishmeal. Unlike freshwater fish, marine finfish generally lack the ability to synthesize taurine. This aspect coincides with the results obtained in rainbow trout, whereby the same non-fishmeal diets without EAA supplementation as those used for yellowtail could produce excellent growth and feed performances without any abnormalities over a 20-week period of feeding. 51 This difference between marine and freshwater finfish may indicate the necessity to supplement taurine in nonfishmeal diets for marine fish.
USE OF ALTERNATIVE LIPID SOURCES IN AQUAFEEDS
The development of SDP for yellowtail and highprotein energy diets for red seabream and other fish has resulted in a marked increase in the consumption of fish oil by the industry. This situation resembles that of the protein source as fish oil production also depends on low-grade fish landings. Therefore, timely efforts are needed to identify substitute sources, thereby reducing the inordinate dependence on fish oil. The combination of fish oil and other lipids would be useful in reducing dietary unsaturation levels and prolonging lipid stability by lowering lipid peroxidation during feed storage.
Lipids play an important role as an energy source and have a protein-sparing action in many fish species, but those rich in highly unsaturated fatty acids (HUFA) are susceptible to auto-oxidation or rancidity. In this respect, animal fats, such as lard and tallow, or plant oils are suitable as energy sources in fish feeds because of their better resistance to auto-oxidation. They are mainly composed of saturated and monoethylenic fatty acids, although grease contains a relatively high amount of 18:2n-6. Their availability to fish as an energy source is dependent completely upon their digestibility, which is affected by the melting point (mp). 52 Hydrogenated oils (mp 53∞C) are poorly digested in both carp and rainbow trout, especially in fish weighing less than 10 g. Beef tallow (mp with soybean meal and other alternative proteins. Results have clearly shown that soybean meal can replace a considerable amount of these animal protein sources without affecting production. Various reports on the utilization of alternative proteins by crustaceans and marine shrimps have been reviewed previously by Kanazawa 47 and Akiyama 12 , respectively.
TRIALS TO FORMULATE NON-FISHMEAL DIETS
The availability of various plant and animal ingredients as protein sources has already been verified using SDP in red seabream and yellowtail. 46 Results have shown that up to 30% SBM can be included as a protein source and can replace fishmeal without any adverse effects. Levels may even reach up to 50% SBM without influencing palatability and acceptability. In addition, a diet with 25% SBM and 15% CGM showed a better feed performance than a 40% SBM diet, suggesting that the combination of CGM and SBM was a good protein source and benefited from the mutual compensation of amino acids deficient in each ingredient. 48 Further experiments carried out on a practical scale in net cages for 2 years have demonstrated that a combination of SBM, CGM, and MM at different levels might replace 50-60% of fishmeal in diets for these two marine species. 46 Thus, the partial replacement of fishmeal in aquafeeds has been successful and the expensive fishmeal component is gradually being relieved by its substitution with various protein meals.
The need for more efforts to develop fish feed based on alternative protein sources was further met by a trial using combinations of SPC, SBM, CGM, and MM as protein sources for yellowtail. Juveniles (average bodyweight 13 g) and young yellowtail (average bodyweight 130 g) were fed experimental non-fishmeal diets with these ingredients for 52 days and 75 days, respectively, and growth and feed performance parameters were compared with a fishmeal-based control diet. 49 The experimental non-fishmeal diets were of poor palatability to the juvenile fish, and this may be related to their inferior feed performance and growth compared with the fish fed the control diet. Although the young fish showed active feeding and normal sustainable growth for the first 46 days of feeding, growth subsequently became stagnant and poor feed gain ratios and high mortalities were observed, irrespective of the dietary treatments. Moreover, at the end of the experiments, both juvenile and young fish fed the non-fishmeal diets revealed symptoms of 'green liver' and poor blood characteristics, indicative of an abnormal physio-T Watanabe 38∞C) is effectively utilized and has a digestibility of 70%, regardless of fish size. High mp animal fat digestibility appears to be slightly affected by water temperature (Table 7) , 53 and results indicate that these animal fats are available to fish as a dietary energy source when they are used with appropriate amounts of marine lipids that provide the necessary EFA levels without causing any adverse effects. The fatty acids of some dietary lipid sources are shown in Table 8 .
Recent results on the use of plant oil in SDP for yellowtail have shown that 50-60% of fish oil could be replaced by palm oil. 10 The dilution of fish oil with palm oil, which contains shorter chains of fatty acids, is very effective in lowering the dietary unsaturation levels, resulting in reduced in vivo peroxidation, as indicated by the decrease in thiobarbituric acid values and the increased levels of vitamin C and E in the muscle and liver tissues of yellowtail 54 which, in turn, could improve the health condition of yellowtail. Plant oils should be combined with marine oils to satisfy the EFA requirements of fish. Essential fatty acids are also required for normal growth, and these differ from species to species, especially between freshwater and marine species. However, n-3 HUFA such as EPA and DHA can satisfy the EFA requirements of both freshwater and marine fish. Summing up the present knowledge, alternative lipids such as beef tallow and palm oil could be used effectively as an energy source in combination with oils containing n-3 HUFA.
Making use of the knowledge discussed so far, yellowtail have been fed extruded dry pellets with alternative protein and lipid sources; 55 fish oil has been diluted by 50% with palm oil or beef tallow or a mixture of both lipids and the proportion of fishmeal reduced to 40% by the use of alternative protein sources such as SBM, CGM, and MM (Table 9) ; fish oil substitution has resulted in a reduction of the Unsaturation Index (UI) from 157 to 112; and, finally, fish having an initial bodyweight of 100 g and 144 g did not show any marked differences in growth and feed gain ratios among the dietary treatments. Moreover, hemochemical *Unsaturation Index = (% monoenes ¥ 1) + (% dienes ¥ 2) + (% trienes ¥ 3) + (% tetraenes ¥ 4) + (% pentaenes ¥ 5) + (% hexaenes ¥ 6).
ND, not detected. Unsaturation Index = (% monoenes ¥ 1) + (% dienes ¥ 2) + (% trienes ¥ 3) + (% tetraenes ¥ 4) + (% pentaenes ¥ 5) + (% hexaenes ¥ 6).
parameters did not show any differences after 3 months of feeding, thus indicating that greater portions of feed formulations can be substituted by alternative protein and lipid sources.
CONCLUSION
Aquaculture production is still growing around the world, thereby increasing the demand for feeds that depend heavily on the availability of animal protein ingredients such as fishmeal and fish oil. Serious efforts are being made to reduce fishmeal and oil in practical diets by using other animal and plant protein and lipid sources. The final goal is to eliminate fishmeal from fish feeds entirely and develop non-fishmeal diets, as in the case of poultry feeds. Non-fishmeal diets have been successful to some extent in rainbow trout and yellowtail in the form of SDP; however, in the near future, the development of new technologies for feed preparation will help produce a new type of fish diet that does not contain any fishmeal as the protein source. This will also enhance the production of 'clean diets' and transform aquaculture into a more environmentally friendly operation.
